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Outline
• Global Modeling and Assimilation Office (Who am I?)
• Observing System Simulation Experiments (OSSEs)
• The Aerosol Clouds, Convection, and Precipitation (ACCP) Mission Study
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Global Modeling and Assimilation Office (GMAO)
• GMAO IS NASA’s Earth System Modeling and Analysis group
• Responsible for development of the GEOS (Goddard Earth Observing) Model
GEOS APPLICATIONS 
Weather Analysis and Prediction
Subseasonal-to-Seasonal (S2S) and 
Decadal Prediction
Multi-decadal Reanalysis (MERRA-2)
National Climate Assessment
Observing System Simulation 
Experiments (OSSEs)
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GEOS Model Architecture
• GEOS is a hierarchy of ESMF components
• An infrastructure for building GEOS applications
• The MAPL layer interface to ESMF provides an 
abstraction of software issues including:
• Generic Initialize/Finalize/Run 
• Simplified hierarchy (creation of child 
components)
• IO Layers (Asynchronous file server output)
• Regridding transforms (grids and tiles)
• Profiling (Performance and Memory)
• Input (ExtData) / Output (History)
• Architecture permits flexibility
• NWP configuration
• S2S configuration (seasonal, w/coupled ocean)
• CCM configuration (advanced chemistry)
• CF configuration (full chemistry NRT 
forecasting)
• NR configuration (high resolution for OSSEs)
• CTM configuration (offline met fields)
All these configurations use the same core model 
components
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GEOS Analysis System Brings Together the Earth Observing System
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Field Mission Support
https://fluid.nccs.nasa.gov/weather
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GEOS Aerosol Assimilation and Forecast 
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Global Transport of Smoke from Australian Bushfires
NASA’s GEOS-FP data assimilation 
system captures the global 
distribution of aerosols. Different 
aerosol species are highlighted by 
color, including dust (orange), sea-
salt (blue), nitrates (pink) and 
carbonaceous (red), with brighter 
regions corresponding to higher 
aerosol amounts. NASA’s MODIS 
observations constrain regions with 
biomass burning as well as the 
aerosol optical depths in GEOS, 
capturing the prominent bushfires in 
Australia and transport of emitted 
aerosols well downstream over the 
South Pacific Ocean.
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GEOS-CF: Full Chemistry NRT Forecast 
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O.S.S.E
• Observing System
• Simulation
• Experiment
• Traditionally: OSSEs evaluate potential impact of new observations on a weather 
forecast (Hoffman and Atlas, 2016; BAMS)
• Fundamentally: OSSEs quantify information in a future observing system
Model-based OSSE
A framework for numerical experimentation in which 
observables are simulated from fields generated by an
earth system model, including a parameterized description 
of the observational error characteristics. 
Simulations are performed in support of an experimental goal.
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The “E” in OSSE
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The Validation Imperitive
• As with any simulation, OSSE results apply to new instruments only to the degree they 
have been validated with existing legacy instruments.
• OSSE credibility is first determined by carefully comparing a variety of statistics that can 
be computed in both the real and OSSE simulated contexts.
OSSEs need to be validated as a System
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Elements of an OSSE System
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GEOS Global 7 km Nature Run (G5NR)
• G5NR is a non-hydrostatic 
free-rrunning simulation
• 7 km resolution
• 72 layers
• 30 min timestep
• 1.5 years
• Includes GOCART 
aerosols, O3, CO, and 
CO2
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G5NR Validation
7-km  G5NR
7-km  G5NR – July 2006
7-km  G5NR – July 2006
CALIOP – July 2011
CALIOP – July 2011
North
African
Dust
South
African
Fires
7-km  G5NR
Compared to long-term datasets
• Monthly mean observations
• Reanalysis: MERRA & MERRAero
• Multi-model Statistics: e.g. AeroCom
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Elements of an OSSE System
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GEOS Instrument Simulator
• Detailed radiative transfer 
calculation in the presence of 
clouds, aerosols, ice, etc.
• Apply instrument characteristics
• Create Simulated Observables:
• top of the atmosphere 
polarized radiances
• backscatter 
• etc.
Wind et al., 2013 and 2016
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AOD OSSE For Smoke over Brazil
Simulated MODIS Granule
Real Comparison of Retrieved 
AOD and Observed Ground 
Truth
Simulated Comparison of 
Retrieved AOD and Model 
Ground Truth
Wind et al., 2013 and 2016
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GEOS Instrument Simulator
Aerosol Extinction Uncertainties 
Estimated 1-sigma 
uncertainties (blue bars)
Random realization of 
retrieved extinction (red curve)
Aerosol Backscatter Uncertainties 
Estimated 1-sigma
uncertainties (blue bars)
Random realization of
retrieved backscatter (red curve)
Simulated CALIOP 532 nm Total Attenuated Backscatter using
GEOS-5 Nature Run as input atmosphere.
1-minute Nature Run data were replicated to match CALIPSO footprint 
spacing. 
Simulated HSRL 
measurements
Simulated HSRL 
measurements
532 nm Total Attenuated Backscatter, km-1sr-1 GEOS-5 Nature Run 2006-01-01_0Z
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Decadal Survey for Earth science and applications from space
US science community (National 
Research Council - NRC) provides long-
term guidance for NASA’s Science 
Mission Directorate (SMD)
NRC identifies and prioritizes
• leading-edge scientific questions and 
• observations and 
• funds required to answer them
• in the Decadal Survey (DS) for Earth science 
and applications from space.
https://science.nasa.gov/earth-
science/decadal-surveys
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Designated Program Elements
Thriving on Our Changing Planet: A Decadal Strategy for Earth Observation from Space: An Overview for Decision Makers and the Public
Copyright National Academy of Sciences. All rights reserved.
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THE RECOMMENDED PROGRAM FOR THE NEXT DECADE
Addressing the 2017 decadal survey’s priority science and applications questions starts with an ongoing commitment to the existing baseline program 
of operating and planned instruments and satellites. The recommended observing program builds from this, filling gaps in the program of record where 
observations are needed to address the key science and applications objectives for the coming decade. This observing program has five elements, which 
are detailed in the full report and its summary—the relevant excerpts of which are reprinted starting on page 17 for the convenience of interested readers. 
Science Targets for the “Designated” Program Element. The very high-priority science targets to be addressed by the five recommended missions are 
illustrated—to be implemented mostly over the decadal interval by NASA’s Earth Science Division. 
Decisions regarding investments in needed Earth observation capabilities will determine our capacity during the next decade, and beyond, to predict 
Earth’s future changes, including the role of human actions, and to influence the extent to which those changes will impact society. As we recognize the 
interdependence and interconnections between human activities and our land, oceans, and atmosphere, there is an increasing need for reliable, science-
based guidance to support policy and investment decisions related to fisheries management, river and water basin management, coastal construction, 
air quality, floods, hurricanes, droughts, changes in ecosystems, wildfires, sea-level rise, navigability of the Arctic, and adaptation to climate change—to 
name just a few.
Building on the success and discoveries of the past several decades, the 2017 decadal survey report recommends a balanced program that provides a 
pathway to realizing extraordinary scientific and societal benefits from space-based Earth observations. It ensures the United States will continue to be 
a visionary leader and partner in Earth observation over the coming decade, inspiring the next generation of Earth science and applications innovation 
and the people who make it possible.
The committee believes that meeting the challenge described above will motivate the scientific community to pioneer novel approaches in how it conducts 
its scientific research, with an emphasis on programmatic and technological innovation to accomplish more with less, with greater attention to the 
potential benefits of domestic and international partnerships along with the growing capability of commercial sources.
Make-up and distribution of aerosols and clouds Trends in water stored on land Evolving characteristics of terrestrial
vegetation and aquatic ecosystems
Changes in glaciers and ice sheets Alterations to surface characteristics and landscapes Impacts of changing cloud cover and precipitation
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Designated Observables Proposed Budgets
National Academies of Sciences, Engineering, and Medicine. 2018. Thriving on Our Changing Planet: 
A Decadal Strategy for Earth Observation from Space. Washington, DC: The National Academies 
Press. https://doi.org.10.17226/24938. 
Yes, there are guardrails!
10/29/18 A-CCP STUDY INFORMATION – TREAT WITH CARE 5
Anticipated Programmatic Progress
Programmatic implementation within the agencies will
be made more efficient by:
• Increasing Program Cost-effectiveness
• Institutionalizing Sustained Science Continuity
• Enabling Untapped Interagency Synergies
Improved observations will enable exciting new science
and applications by:
• Initiating or Deploying More Than Eight New
Priority Observations of our Planet
• Achieving Breakthroughs on Key Scientific Questions
Enhanced societal value will be provided to businesses
and individuals from scientific advances and improved
Earth information, such as:
• Increased Benefits to Operational System End-Users
• Accelerated Public Benefits of Science
• New Enabling Data for Innovative Commercial Uses
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Designated Observables Summary 
	
Observable	
	
Science/Applica>ons	Summary	
	
	
Candidate	Measurement	
Approach	
ESAS	maximum	
cost	
Aerosols	 Aerosol	proper>es,	aerosol	ver>cal	proﬁles,	and	cloud	
proper>es	to	understand	their	eﬀects	on	climate	and	air	
quality	
	Backscaeer	lidar	and	mulAchannel/mulA-
angle/polarizaAon	imaging	radiometer	ﬂown	
together	on	the	same	plagorm	
CATE	Cap	
	
$800M	
Clouds,	Convec>on,	
And	Precipita>on	
Coupled	cloud-precipita>on	state	and	dynamics	for	
monitoring	global	hydrological	cycle	and	understanding	
contribuAng	processes	including	cloud	feedback	
	Radar(s),	with	mulA-frequency	passive	
microwave	and	sub-mm	radiometer	
CATE	Cap	
	
$800M	
Mass	Change	 Large-scale	Earth	dynamics	measured	by	the	changing	
mass	distribuAon	within	and	
between	the	Earth’s	atmosphere,	oceans,	ground	water,	
and	ice	sheets	
Spacecram	ranging	measurement	
of	gravity	anomaly	
Est	Cap	
	
$300M	
Surface	Biology	and	
Geology	
Earth	surface	geology	and	biology,	
ground/water	temperature,	snow	reﬂecAvity,	acAve	
geologic	processes,	vegetaAon	traits	and	algal	biomass	
Hyperspectral	imagery	in	the	
visible	and	shortwave	infrared,	
mulA-	or	hyperspectral	imagery	in	the	thermal	
IR	
CATE	Cap	
	
$650M	
Surface	
Deforma>on	and	
Change	
Earth	surface	dynamics	from	earthquakes	and	landslides	
to	ice	sheets	and	permafrost	
Interferometric	SyntheAc	Aperture	Radar	
(InSAR)	with	ionospheric	correcAon	
	
Est	Cap	
	
$500M	
15	
Designated Observables
CATE = Cost And Technical Evaluation
• CATE process differs from typical ICE and process for TMC evaluation
• Begins with typical Independent Cost Estimate, ICE
• Adds three types of cost threats, where appropriate:
• Schedule, design (mass & power growth) and launch vehicle 23
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Fig. 4. Top Panel: Size distributions. Bottom Panel: Degree of linear polarization as a
function of scattering angle (spherical particles)..
3.1. A serendipitous error
In analyzing the degree of linear polarization generated by a simple
Mie model, one of us (PH) made an error. To understand the signif-
icance of the error, we should mention again that inputs to the Mie
calculation include the properties of the aerosol size distribution. The
calculation returns the Mie scattering functions. The product of their
complex conjugates is multiplied by the number of particles in that size
range and then summed. The number of particles in a particular radius
range is given by
3
4⇡r3
dV
d ln r .
The aforementioned error was in multiplying dVd ln r by a constant quan-tity, rather than the inverse particle volume. (The constant quantity
was the width of the radius ‘‘bin’’.) Consequently, the size distribution
used in the calculation was flatter than the actual size distribution
obtained by the AERONET retrieval, although it retained some of the
features of the AERONET size distribution. As might be expected, the
degree of linear polarization calculated using this size distribution
did not agree with measured polarizations. (We call this calculated
quantity the ‘‘simulated’’ degree of linear polarization and denote it by
SDLP.) Although the SDLP did not agree with measured degree of linear
polarization, nevertheless it led to a very interesting result. We found
that the simulated degree of linear polarization of different particle
types had very different shapes. This led us to suspect that the SDLP
could be used to distinguish the various kinds of aerosols. It should
be kept in mind that the simulated degree of linear polarization is
not the measured degree of linear polarization as represented in the
AERONET data because it implicitly assumes spherical particles (in
the use of the Mie algorithm) and because it relies on a ‘‘flattened’’
size distribution. The flattened size distribution maintains features of
the actual size distribution, such as the measured mode radii and
bimodality. The point is, however, that this flattened size distribution
yields significantly different values for the simulated degree of linear
polarization (SDLP) for different types of aerosol particles.
We now present plots of SDLP for the various reference clusters.
We used the flattened size distributions and the AERONET derived
indices of refraction for the five reference clusters and obtained the
Fig. 5. Simulated degree of linear polarization as a function of scattering angle for
the five reference clusters presented as a single plot to emphasize differences in the
polarization signatures. Each curve is the mean of the curves generated by all the points
in the reference cluster and the ‘‘error bars’’ give the standard deviations.
Fig. 6. Simulated degree of linear polarization for Djougou on 12 February 2006 and
the SDLP for the dust reference cluster.
plots for SDLP for each of the points in every reference cluster. The
mean value of the SDLP and the associated standard deviation bars
as a function of scattering angle are shown in Fig. 5. Note that the
most outstanding differences occur at high values of scattering angle
(¿120˝). (The AERONET polarization measurements are in the rangef ±85˝ measured from zenith.)
It is evident from Fig. 5 that the various aerosol types have clear
signatures, suggesting that the shapes of SDLP curves, could allow one
to determine the aerosol type of a given measurement.
For example, in Fig. 6 we present SDLP vs scattering angle for the
AERONET site at Djougou for February 12, 2006 along with that of
the average dust reference cluster. The agreement in the shapes of the
curves strongly suggests that the aerosol at Djougou on that day was
dust.
Hamill, 2020
24
Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
National Aeronautics and Space Administration
High Spectral Resolution Lidar (HSRL)
20%
80%
532 nm 
Particulate
Channel
PMT
Iodine 
Cell
532 nm 
Molecular
Channel
PMTFrom Telescope
Backscatter Spectrum
Molecular
Backscatter
Aerosol
Backscatter
Transmission vs. Frequency
Iodine vapor filter 
absorbs photons. Only a 
fraction of the molecular 
backscatter is measured 
(e.g., 50%). 
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Designated Observables Proposed Budgets
National Academies of Sciences, Engineering, and Medicine. 2018. Thriving on Our Changing Planet: 
A Decadal Strategy for Earth Observation from Space. Washington, DC: The National Academies 
Press. https://doi.org.10.17226/24938. 
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Improved observations will enable exciting new science
and applications by:
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CATE = Cost And Technical Evaluation
• CATE process differs from typical ICE and process for TMC evaluation
• Begins with typical Independent Cost Estimate, ICE
• Adds three types of cost threats, where appropriate:
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Cloud
Formatio
n
H2O Vapor
Aerosols are a fundamental and 
enabling component to the 
formation of clouds and 
precipitation.  
Precipitation
DevelopmentAerosols
I. Cloud Nucleation II. Aerosol Removal and Redistribution
Removal
Redistribution
Precipitation removes aerosols 
and convection and storms loft 
and redistribute aerosols
Science Links Beteween A & CCP
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Science & Applications Impact 
Teams (SIT and AIT)
ØAssessing the Science & 
Applications Value of 
Architectures (Science Quality of 
Each Architecture wrt Meeting 
Geophysical Variables)
Systems Engineering 
Team (SET)
ØDefinition of 
Architectures
ØAssessment of 
Architectures
ØTechnology Readiness
ØTechnical Risk
Study Management Team (SMT)
ØOverall Leadership and 
Management of Study and 
Delivery of Study Report
ØCommunity Engagement 
ØAssessment of Architectures
ØCost Estimation & Validation
ØProgrammatic Risk
ØOther Programmatic Factors
Science/Applications 
Leadership Team (SALT)
ØDefinition of Science & 
Applications Traceability 
Matrices
ØAssessment of the Utility of the 
Geophysical Variables in 
Meeting Each Objective
Science Community 
Committee
ØIndependent 
Assessment of SATM
ØIndependent 
Assessment of Science 
& Applications Benefit by 
Community of Users
Value Framework Team
ØDevelopment of 
Standard and 
Systematic Approach to 
Science, Applications, 
and Programmatic 
Evaluations of 
Architectures to facilitate 
Down-Select Decisions
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Low Cloud Feedback
High Cloud Feedback
Convective Storm Systems
Cold Cloud & Precipitation
Aerosol Attribution and Air Quality
Aerosol Processing, Removal and Redistribution
Aerosol Direct Effect and  Absorption
Aerosol Indirect Effect
1
2
3
4
5
6
8
7
2
4
5
36
1
87
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A-CCP Science and Applications Traceability Matrix
Goal 1 Cloud Feedbacks
Goal 2 Storm Dynamics
Goal 3 Cold Cloud and 
Precipitation
Overarching 
ACCP Goal Consolidated 
Geophysical 
Variable 
Tables
Consolidated 
Observable 
Tables
Goal 4 Aerosol Processes 
Goal 5 Aerosol Impacts on  
Radiation
Objective 5 Aerosol Attribution and 
Air-Quality
Objective 1 Low Clouds
Objective 2 High Clouds 
Objective 3 Convective Storms 
Objective 7  Aerosol Direct Effect and 
Absorption
Objective 6 Aerosol Processing, 
Removal, Redistribution
Objective 4 Cold Cloud and            
Precipitation Processes
Objective 8 Aerosol Indirect Effect
PoR
Geophysical 
Variables
PoR Missions
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SATM Traces Objectives to Geophysical Variables (GVs) to 
be Measured
Obj 5: Aerosol Attribution (1)A+
CC
P
A CC
P Objectives
O5 Aerosol Attribution and Air Quality
Minimum: Quantify optical and microphysical aerosol 
properties in the PBL and free troposphere to improve 
process understanding, estimates of speciation, aerosol 
emissions and predictions of near-surface particulate 
concentrations.
Enhanced: Characterize changes in vertical profiles of 
optical and microphysical properties over space and time 
in terms of 3D transport, spatially resolved emission 
sources and residual production and loss terms.
A CC
P
OD
O
PO
R Utility Score
Geophysical Variables (1 of 2)
Qualifiers
Minimum Enhanced
√ 4.2 Aerosol Extinction (Total & Non-Spherical) VIS & NIRProfile
√ S (√) 5.0 Aerosol Optical Depth UV to SWIRColumn, PBL
√ 4.4 Aerosol Absorption Optical Depth UV & VISColumn, PBL
√ 4.4 Aerosol Fine Mode Optical Depth Column, PBL
√ (√) 3.6 Aerosol Real Index of Refraction Column, PBL
√ 4.8 Aerosol Non-Spherical AOD Fraction Column, PBL
√ 4.2 Aerosol Extinction to Backscatter Ratio VIS & NIRColumn, PBL
√ 4.8 Aerosol-Cloud Feature Mask
√ (√) N/A Planetary Boundary Layer Height ​
√ N/A Environmental Temperature Profile
√ N/A Environmental Humidity Profile
Approach (1 of 2)
General Approach 
a) Use ACCP measurements to estimate aerosol speciation using the following 
approaches:
1) Optimal estimation algorithm using as prior aerosol state from an 
assimilation system that incorporates the aerosol PoR
2) Empirical aerosol typing based on clustering of aerosol optical properties 
b) Inverse calculations used to assess impact on emissions, and through revised 
emissions impact on forecasts of near-surface particulate concentrations
c) Model sensitivity studies, validated by ACCP data, used to gain insight into 
process parameterizations. 
d) Complement and where possible expand on existing climate data records. 
Examine inter-annual variability of aerosol emissions, optical properties and 
impact on global AQ.
Role of Models – primary tool to integrate observations,  test understanding & 
examine impacts and feedbacks.
Approach  (2 of 2)
Role of Sub-orbital – cal/val variable retrievals,  validate process interpretation, advance process 
understanding with enhanced property measurement. Linking of optical to chemical aerosol properties.
New and Improved
a) Significant improvements of key aerosol variables (vertically/spectrally resolved aerosol absorption 
and extinction, fine mode fraction over land, etc.)
b) Improved global emissions and near surface aerosol characterization, with benefits for AQ analysis 
and forecasts.
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SATM Specifies GV Uncertainty & Resolution
GV Table: ANC-AVE
Consolidated
Geophysical Variables
(4 of 17)
Science 
Objectives
Desired Capability
Examples of Observables
Notes
Enabled 
AppsRange Uncertainty
Scales
XY Z T Swath
Minimum Enhanced IMPORTANT: Desired Capabilities and Observables are preliminary. Click here for additional information.
ANC.z Aerosol Number 
Concentration Profile O8
10-1000
cm-3 50% 1 km 2, 3, 5
AOD.l Aerosol Optical Depth (Column and PBL)
O3, O5, O6, 
O7, O8 0.03 - 4
±0.02±0.05*A
OT
2 km
I
100 km Multi-angle radiance (UV,VIS), multi-angle DOLP -
Multispectral radiance UV (aerosol absorption) & VIS 
(AOD, fine mode aerosol over water) - SWIR (surface 
properties and cirrus screening)
Swath refers to column; Nadir for PBL
O7: column only
O8: PBL only
1, 3, 4, 5, 7 
(12, 13, 
14 for inferenc
e of PM from 
AOD)
1 km 300 km
APM25 Aerosol PM2.5 Concentration (surface) O5
20-150 
µg/m3 +/-20-25% 12, 13, 14
ARIR.l Aerosol Real Index of Refraction (Column and PBL) O5, O6,O7 1.33–1.7 ±0.025
5 km
I
1 km
ACF Areal Cloud fraction
O1, O4, O7 0.0 - 1.0 0.1 200 m N/A
I
,
M
Nadir
PoR: ABI, AHI, etc.; VIIRS
* Lidar
# Polarimeter
O8 0.0 - 1.0 0.1
100 
m*
N/A
I
,
M
Nadir*
200 
m# 100 km
#
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Architecture Segment Libraries
Instrument Library
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Radar
Lidar
Radio.
Polar.
• Other Library Components
• Spacecraft buses
• Launch vehicles
• Ground systems
• Mission operations
• Suborbital campaigns
• Science team
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Preliminary Architecture Costing
Architecture costs include EVERYTHING for 
the lifetime of the mission:
• Instrument
• Research and Development
• Integration
• Cal/Val
• Spacecraft
• Launch Vehicle
• Ground Segment
• All people/labor
• 30% Reserves
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Architecture 8G
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GPM Orbit: Tropics & mid latitude coverage with diurnal 
cycle, complements and extends capabilities of GPM
• Coupled cloud and precipitation profiling (including 
extremes) in 
context of GPM swath
• Coincident convective dynamics
• Improved capability for snowfall mapping
• Diurnal information on biomass burning aerosols from 
major source regions and on major pollution hotspots
Polar Orbit: Global coverage, higher fidelity aerosol 
measurements
• Critical for cloud feedbacks, high latitudes
• Nadir-only active data on convective storms, cold clouds & 
precip
• Measurement of thin ice clouds
• Vertically-resolved aerosol microphysics and speciation
• Better insight into aerosol processes &  impacts on radiation
• Enhanced spatial and temporal sampling with two satellites
• Global measurements with diurnal information at mid and lower latitudes
• High fidelity a rosol measurements on polar satellite anchors algorithms on GPM-orbit 
satellite
GPM 
Orbit
Polar 
Orbit
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Loop over satellite orbit
Instrument Simulator
“True” Observation
Model surface and aerosol 
characteristics 
(GEOS Nature Run) 
GRASP
Retrieval
Retrieved 
V*, PSD*, 
n* & k*
Stokes Q
ξ2 x I x 3%
+
+
Noise 
β (total or attenuated) ξ1 x β x 5% +
Simulated Truth
ξ3 x I x σQ  (σDoLP = 0.5%)
Intensity (I)
Stokes U + ξ3 x I x σU  (σDoLP = 0.5%)
OSSE Framework
RMS Errors in
V*, PSD*, n* & k*
“True” V, 
PSD, n & k
α (total extinction) ξ1 x α x 12%+
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GRASP algorithm structure   O. Dubovik et al.: Statistically optimized inversion algorithm for enhanced retrieval of aerosol properties 979
 3 
Fig. 1 1 
 2 
 3 
 4 
Fig. 1. The general structure of the retrieval algorithm.
other satellite sensors or from the ground. In addition, such
an algorithm structure was helpful in adapting physical mod-
els and computer routine fragments inherited from previous
AERONET and POLDER developments.
The following several Sections of the paper provide a full
description of the “Forward Model” and “Numerical Inver-
sion” algorithm modules. A number of optional adjustments
are suggested for setting both aerosol physical model and re-
trieval scheme. Although the algorithm is tuned for inverting
PARASOL observations, some aspects of aerosol parameter-
ization and inversion implementation (in particular a priori
constraint settings) can be modified and adjusted for optimiz-
ing the algorithm performance if it is applied to other remote
sensing observations. For example, two alternative strate-
gies are suggested for implementing numerical inversion of
satellite image observations: conventional pixel-by-pixel in-
version and a new multi-pixel inversion strategy. According
to this new multi-pixel approach, the retrieval developed as
simultaneous inversion of a large group of pixels within one
or several images. Such a retrieval regime takes advantage of
known limitations of spatial and temporal variability in both
aerosol and surface properties.
3 Forward model of POLDER/PARASOL observations
The aerosol retrieval algorithm is designed to invert
the POLDER/PARASOL observations acquired in window
channels shown in Table 1, that is: the total radiance in 6 win-
dow channels: 0.44, 0.49, 0.565, 0.675, 0.87 and 1.02 µm,
and the linear polarization in 3 of these channels: 0.49,
0.675 and 0.87 µm, reflected by a ground pixel. In each chan-
nel, observations of the same pixel are performed nearly si-
multaneously in up to 16 viewing directions (Deschamps et
Fig. 2. The illustration of the angular convention used for POLDER
observation modeling.
al., 1994). It is assumed that the light observed at the top
of the atmosphere is only linearly polarized. In the polarized
channels, besides the total reflected radiance, I , the measure-
ments provide the Stokes parameters Q and U referred to
axes perpendicular and parallel to the local meridian plane,
i.e. Q= Ipcos(2↵) and U = Ip sin (2↵) where Ip is the po-
larized component of reflected radiance and ↵ is the angle
between the meridian plane and the polarization direction.
Let I = (I, Q, U, V )T and E0 = (E0, 0, 0, 0)T stand,
respectively, for the Stokes’ vectors of the observed elec-
tromagnetic radiation and of the incident unpolarized so-
lar radiation; the subscript “T ” denotes transposition and
V is assumed to be negligible. The Stokes’ vector
I = (I, Q, U, V )T = I (µ0; µ1; '0; '1;  ) depends on the
solar zenith angle #0 (µ0 = cos (#0)), the observation zenith
angle #1 (µ1 = cos (#1)), the solar and observation azimuth
angles '0 and '1, and wavelength  . Figure 2 illustrates
www.atmos-meas-tech.net/4/975/2011/ Atmos. Meas. Tech., 4, 975–1018, 2011
Figure adapted from
Dubovik et al. (2011), AMT, 4:975–1018
Multi-term least squares fitting
(Dubovik et al. 2000, 2004, 2008)
Single scattering sphere/spheroid LUT 
(Dubovik et al. 2006)
Successive orders of scattering RT code
(Lenoble et al. 2007)
37
Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
National Aeronautics and Space Administration
Polarimeter Simulated Measurements and Fits
Dark Line indicates noise-free 
simulated values
N=56 noise perturbations
λ = 0.55 μm
38
Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
National Aeronautics and Space Administration
Uncertainty Estimates for Architectue 8G
𝜎"# = %𝜎" 1𝑁()*+, 𝑋 −𝑋)′ 0
Target Uncertainty
Simulation 
“Truth”
Retrieved Value 
on nth trial 
Geophysical Variable 
(GV)
Plot Target 
Uncertainty
Total Aerosol Optical 
Depth
στ = 0.02 + 
0.05 τ
Single Scattering Albedo σSSA = 0.03
Lidar Ratio σS = 0.25 S
Real Refractive Index σn = 0.02
λ = 0.47 μm
σΧ’
exceeds targetfails to meet target
λ = 0.55 μm
HSRL Lidar
Pol + HSRL
Pol + Bscat
Pol Only
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Scoring the Science Benefits of Architectures
= !" ∑ 			×Utility of GV for  Objective Quality of GV given MeasurementsScience Benefit Score GVs (SALT) (SIT)Utility: degree to which Geophysical Variable (GV)  addresses the objective if it were measured perfectly. 
Quality: degree to which measurements provide the 
desired geophysical variable. OSSEs inform the 
quality assessment.
(for Objective)
Similar to approach outlined  on Continuity of NASA Earth 
Observations from Space report (NAS 2015)
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Science Is Only One Part of the Overall Value Assesment
SO-1 24% AO-1 75%
SO-2 64% AO-2 66%
SO-3 14% AO-3 31%
SO-4 #N/A AO-4 88%
SO-5 7% AO-5 28%
SO-6 30% AO-6 55%
SO-7 #N/A
SO-8 74%
SO-9 3%
SO-10 #N/A
Programmatic  Key Findings
Key Finding 1
Key Finding 2
Key Finding 3
Science Benefit Scores Application Benefit Scores
Key Finding 5
10.0 Systems Integration & Testing 41.76$         
Total 799.53$       Key Finding 6
6.0 Spacecraft 116.31$       
7.0 Mission Operations 24.66$         Key Finding 4
8.0 Launch Vehicle / Services 96.87$         
9.0 Ground Systems 23.18$         
3.0 Safety & Mission Assurance 9.02$            Key Finding 2
4.0 Science & Technology 48.28$         
5.0 Payloads 414.56$       Key Finding 3
1.0 Project Management 11.50$         Key Finding 1
2.0 Systems Engineering 13.39$         
Mission Concept N
WBS Element Cost ($M) Risk Key Findings
0
1
2
3
4
5
6
7
1 2 3 4 5 6 7 8 9
Risk Level
Low Medium High
VF Baseball Cards
Science & Applications Activities
Ø Definition of Science & Applications 
Traceability Matrices
Ø Assessing the Science & Applications 
Benefits of Measurement Architectures
Ø OSSEs play a critical role assessing the 
Science Benefit scores of Architectures
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Summary
• Developing new satellite missions takes a large multi-disciplinary group of people
• It’s a lot of work!
• NASA is trying to use OSSE frameworks to quantitatively evaulate science benefits of 
new mission concepts
• GMAO provides high resolution nature runs and instrument simulations to support mission 
studies
• The lidar + polarimeter architecture concept is promising, and preliminary assesments 
show that it meets several GV target uncertainties
• This is all a work in progress…stay tuned
• If any of this sounds interesting, you should consider working with us!
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Summer Internship Opportunities at NASA
Internships (NIAMS) https://intern.nasa.gov
– Fulltime (40 hr/wk)
– Paid 
– High School: $3.7K for 6 weeks
– Under Grad: $7.3K for 10 weeks
– Grad: $9K for 10 weeks
– No vacation (federal holidays only)
– Requirements
– Full-time enrolled student
– 3.0 GPA
– College start dates can depend on academic schedule
– Part-time internships during academic year are now available at GSFC
– Application
– Students apply to individual projects, and mentors select from students 
who apply to their posted research opportunities
– You can apply to more than one project with only one application 
– Summer 2020 Deadline is March 8
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Summer Internship Opportunities at NASA
• ARC
• 88 summer projects posted
• Examples
• Optical Sensing for Planetary Exploration
• Development of Chem/Bio Sensors for Space Application
• Airborne Remote Sensing of Particles
• Urban Air Transport Research and Development
• GSFC (including GISS)
• 280 summer projects posted
• Examples
• Spanish Language Journalism, Multimedia, and Social Media
• Falling Snow Estimates from Ground Based Sensors
• Cybersecurity
• Flexible Cloud Masks from Space-borne Lidar
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NASA Graduate Fellowships
Science Mission Directorate—”FINESST” 
• Awards about 100 Fellowships a year (funds will double in FY20)
• Applications go through NSPIRES
• Deadline in February
Office of STEM Engagement—”NASA OSE Fellowship Activity 2020” 
• Awards about 10 Fellowships a year
• Requires yearly 10-week research experience at a NASA center each year of fellowship
• All funding is for students who attend a minority serving institutions
Both
• Fellowship supports cost of graduate education for up-to-3 years; each call has a different funding cap
• Applicants write a research proposal
• Proposal reviewed externally
My Tips
• How does your project contribute to NASA’s goals, and use NASA assets?
• Tell a good story and “sell” – proposals aren’t just papers written in the future tense!
